Objective To study the significance of growth status at birth and postnatal growth on neurodevelopmental outcome in very low birth weight (VLBW) infants.
Conclusions
In VLBW children, the course of postnatal growth rather than the appropriateness of weight for gestational age at birth determines later neurodevelopmental outcome. I ntrauterine growth restriction (IUGR) in term children, especially if coupled with microcephaly, has been associated with a variety of adverse sequelae such as delayed growth and neurodevelopmental disturbances. 1, 2 However, the association between IUGR and neurodevelopmental impairment for very low birth weight (VLBW) infants has been controversial. Recent studies on the long-term outcome of small for gestational age (SGA) VLBW infants have found no difference in cognitive functioning [3] [4] [5] or in the rate of cerebral palsy 6 after controlling for perinatal and demographic factors. The role of postnatal growth on outcome has been examined in one recent population-based study where postnatal catch-up growth was a favorable predictor for intellectual functioning in SGA term-born male adolescents. 7 In VLBW children, the effect of postnatal growth on neurodevelopmental outcome has not yet been evaluated.
VLBW infants (<1250 g) have been prospectively evaluated for their neurodevelopmental outcome since 1983 in Zurich at the Growth and Development Center. The aim of this study was first to reinvestigate the association between IUGR and outcome and, second, to examine the impact of postnatal growth patterns on neurodevelopmental outcome in SGA and appropriate for gestational age (AGA) VLBW infants.
METHODS

Population
We enrolled 354 live-born infants with a birth weight <1250 g in a prospective study. They were recruited in three cohorts between January 1983 and December 1985 (cohort 1, n = 111), March 1988 and December 1989 (cohort 2, n = 99) and July 1992 and June 1994 (cohort 3, n = 144). All infants born during these periods at the University Maternity Hospital Zurich were included in the study because no parents declined participation. The population was almost completely white; 40% of the children (n = 141) had a birth weight below the 10th percentile for their gestational age (SGA); 60% (n = 213) were appropriate for gestational age (AGA). 8 None of the infants had a birth weight above the 90th percentile; 70% were singletons, and 30% (n = 108) were infants from multiple pregnancies. The study was approved by the local Ethics Committee.
Of the 354 infants initially enrolled, 232 survived. None of the surviving infants had a chromosomal disorder or a severe malformation. Overall (71% vs 62%) and birth weight-specific survival rates did not significantly differ between SGA and AGA infants. Survival rates did not change for SGA children and improved for AGA children (53%, 62%, 69%, P = .10, v 2 ) over the period for the three cohorts. The proportion of surviving children who were AGA increased with decreasing gestational age so that 81% of all infants born with a gestational age <28 weeks were born within ÿ1 to +1 SD of weight for gestational age compared with only 32% of children with GA $28 weeks. Growth restriction was predominantly symmetrical; 95% of all SGA children also had lengths and head circumferences below the 10th percentile with no differences between the three cohorts. Twenty-two percent (n = 52) of all surviving infants were twins, 4% (n = 9) were triplets and 2% (n = 5) were quadruplets. No child died after discharge from the nursery. Of the 232 surviving children (SGA n = 99, AGA n = 133), 219 (94%) (94 SGA, 125 AGA) were examined at age 2. The 153 children in cohort 2 and 3 were also seen at nine months. There were 5 SGA and 8 AGA children lost to follow-up because the parents refused to participate or could not be traced.
Perinatal and Demographic Variables
Gestational age was assessed by the last menstrual period and first trimester ultrasonogram. If both ultrasonogram and information on the last menstrual period were unknown, the gestational age was estimated by the method of Dubowitz et al 9 or Ballard et al. 10 Sepsis was diagnosed when there were clinical signs of systemic infection and if at least one blood culture was positive; bronchopulmonary dysplasia (BPD) was defined as oxygen supplementation at day 28 of life and patent ductus arteriosus (PDA) was diagnosed if indomethacin treatment was given.
11 Intraventricular hemorrhage (IVH) was classified according to Papile et al 12 and parenchymal lesions according to De Vries et al. 13 Parenchymal lesions were assessed in cohorts 2 and 3. Echodensities lasting longer than 14 days were also considered as parenchymal lesions. Necrotizing enterocolitis (NEC) was diagnosed for infants classified as Bell's stage II A or higher, 14 and retinopathy of prematurity (ROP) was graded according to international criteria. 15 Socioeconomic status (SES) was estimated by using a 12-point scale based on paternal occupation and maternal education. Scores ranged from 2 to 12, with 2 being the highest and 12 the lowest socioeconomic level. 16 
Growth
Weight, length, and head circumference were measured according to standard anthropometric procedures. 17 Z scores at birth were calculated by relating each measurement of the individual infant to a mean and standard deviation that were derived from Swedish and Swiss birth standards. 8 A birth weight below the 10th percentile was considered SGA, that is equal to a Z score below ÿ1.282. 18 Weight, length, and head circumference at nine and 24 months were expressed as Z scores with reference to Swiss growth curves. 17 At the age of 2 years, weights were not available for five children, and head circumferences and lengths were not available for six children.
Neurodevelopmental Outcome at Age 2
Mental or motor developmental delay as evaluated with the Bayley Scales of Infant Development (BSID) 19 was defined as an mental development index (MDI) or psychomotor development index (PDI) of <84 (below ÿ1 SD). Mental retardation or severe motor developmental delay was defined as an MDI or PDI of <68 (below ÿ2 SD). In addition to the developmental assessment, a standardized neurologic examination modified after Prechtl and Beintema was performed. 20, 21 Cerebral palsy (CP) was defined according to Bax. 22 CP was graded as mild, moderate, or severe (irrespective of the result of the PDI) according to Palisano et al. 23 Children were examined at the Growth and Development Center of the Children's University Hospital Zurich by developmental pediatricians experienced with the administration of the BSID and other developmental tests. Examiners were not involved in the neonatal care of the study subjects. The language used was German, and the examiner translated to Italian for a few children. Age of testing was corrected for prematurity. Developmental testing could be performed in all children, but a neurologic examination was not possible in two children because of refusal to be examined. The association between SGA status and outcome was analyzed using analysis of covariance (ANCOVA) for continuous outcome variables (MDI, PDI) and logistic regression for dichotomous outcome variables (CP, MDI <84, MDI <68, PDI <84, PDI <68). The association between neonatal risk factors and outcome was analyzed by univariate analysis. Those variables significantly (P < .05) correlating with poor neurodevelopmental outcome (IVH grade 3 or 4 and PDA) were selected for analysis. Other variables were included into the model based on a priori assumptions (GA, SES, and sex). Because multiple birth children develop differently than singletons, 24, 25 comparisons between SGA and AGA children were also adjusted for multiple birth status. The term ''cohort'' was entered into the analysis to adjust for changes in peri-and neonatal practice and care. It represented the period of each cohort. Covariables included into the final model were SES, sex, gestational age, PDA, IVH grade 3 or 4, multiple birth status, and cohort.
Statistics
For the analysis of the impact of postnatal growth patterns on neurodevelopmental outcome, factors associated with poor postnatal growth patterns were evaluated. The results were as follows: any form of CP with both poor postnatal growth patterns (SGA [<10th age 2], P = .12; AGA [<10th age 2], P = .01; moderate or severe CP with AGA [<10th age 2], P = .003; IVH grade 3 or 4 with SGA [<10th age 2], P = .04; and PDA and BPD with AGA [<10th age 2], P = .005 and P = .18, respectively). Other pre-and perinatal variables, including SES and maternal age, were not associated with poor postnatal growth patterns.
The association between postnatal growth patterns and outcome was examined using ANCOVA and logistic regression including the same covariables as for the analysis of the impact of SGA status. Logistic regression analysis for MDI <68, PDI <68 and for severe CP could not be performed with all covariables because the numbers became too small. In the ANCOVA, moderate or severe CP was adjusted for. In the logistic regression analysis, adjustment for any type of CP was performed. We could not adjust for moderate or severe CP for the variable PDI <84 because all children with moderate and severe CP had a PDI <84. For the outcome variable MDI <84, moderate or severe CP could be entered as a covariable. The results remained practically unchanged if all forms of CP were used as a covariable. We thus used ''any CP'' as the covariable in the logistic regression model. Because BPD was associated with poor weight gain in this study, BPD status was included into the regression and the ANCOVA model.
RESULTS
Demographic and Perinatal Variables
Compared with AGA infants (n = 133), SGA infants (n = 99) were born with a higher mean gestational age ( 
Postnatal Growth
Significant differences existed in the extent of catch-up growth for all three growth variables. For weight, SGA and AGA children were further grouped and four distinct subgroups could be identified according to their postnatal growth pattern (Figure) . SGA (<10th age 2) represents SGA children with insufficient postnatal weight gain; their weight remained below the 10th percentile at age 2. SGA (>10th age 2) includes SGA children with catch-up growth to >10th percentile at age 2. AGA (<10th age 2) consists of AGA children with catch-down growth resulting in weight below the 10th percentile at age 2 and AGA (>10th age 2) represents AGA children with adequate postnatal growth and weight above the 10th percentile at age 2. Analogous to weight the same categories were created for length and head circumference.
Neurodevelopmental Outcome
Among all VLBW children, 39 (18.2%)* had an MDI <84 and 9 (4.2%) had mental retardation (MDI <68). A PDI <84 was observed in 46 (22%) children, and severe motor developmental delay (PDI <68) in 21 children (10.1%). Moderate or mild CP was diagnosed in 36 (16.4%), and severe CP in 11 (5.0%) children. After adjustment for covariables Figure. Mean Z scores of weight for different patterns of postnatal growth at birth, nine months and two years. h, SGA: weight <10th percentile at age 2 (n = 52); n, SGA: weight >10th percentile at age 2 (n = 41): , AGA: weight <10th percentile at age 2 (n = 35). d, AGA: weight >10th percentile at age 2 (n = 86).
*Percentages are calculated for children who were examined. A few children did not have a complete neurodevelopmental assessment; thus the percentages are not exactly the same as if they were calculated for 219 children or for the number given for each subgroup.
including Z scores of weight at birth and at age 2, mental, motor, and neurologic outcomes were comparable between SGA and AGA singletons (data not shown).
Postnatal Growth Patterns and Neurodevelopmental Outcome
Z scores of weight, length, and head circumference at birth were not significantly associated with outcome at age 2 for SGA or AGA children (Table I) . However, Z scores of weight at age 2 correlated with PDI and with CP in SGA and AGA children. Similar significant associations were found for Z scores of length at age 2. These findings indicated an association between postnatal growth and neurodevelopmental outcome. To verify this association, differences of Z scores between birth and age 2 were correlated with outcome variables. Z score differences of weight and length correlated with PDI and CP.
The association between postnatal growth and neurodevelopmental outcome was analyzed in more detail by using the previously described four subgroups for weight (Table II) , length (Table III) , and head circumference (Table  IV) . After adjusting for covariables, including moderate or severe CP, SGA children (<10th age 2) had a lower mean PDI than SGA children (>10th age 2). They also had a higher rate of motor delay; however, after adjustment for CP (any type), the association was not significant anymore (Table V) . The result was the same if children with severe CP were excluded from the analysis (data not shown, P = .10). SGA children (<10th age 2) had a higher rate of CP (any type) than SGA children (>10th age 2) (Table V) .
Children in the AGA (<10th age 2) group had the poorest outcome affecting all areas of development. After adjusting for covariables, including moderate or severe CP, mean MDI was lower for AGA (<10th age 2) children than for AGA (>10th age 2) children (Table II) . AGA (<10th age 2) children had the lowest mean PDI of all groups, also after adjustment for moderate or severe CP. Independent of CP, AGA children (<10th age 2) were more likely to exhibit motor delay (PDI <84) than AGA children (>10th age 2) (Table V) . AGA children (<10th age 2) were more likely to have CP (P = .08). Similar associations between postnatal growth patterns and outcome were noted for length and head circumference (Tables III and IV) .
Other factors consistently associated with poor neurodevelopmental outcome are shown in Table V . They included multiple birth status and CP.
DISCUSSION
In this study of VLBW children, postnatal growth pattern rather than SGA status, was found to be significantly associated with adverse neurodevelopmental outcome at age 2. In VLBW children, SGA status at birth was not predictive of later outcome after correcting for perinatal and demographic variables. These findings confirm previous reports of SGA VLBW infants who have been followed until the age of four. 4, 5 In our study, SGA status only became a significant predictor of poor outcome, in particular of motor impairment, when it was coupled with insufficient postnatal growth.
Our evaluation revealed that postnatal growth was highly variable among SGA children. Insufficient postnatal catch-up growth has been reported for term and preterm SGA infants and has been shown to persist until adolescence. 1, 5 In our study, distinct groups according to postnatal growth pattern could be characterized. There were children showing extensive catch-up growth, whereas others remained below the 10th percentile until the age of two years. These different postnatal growth patterns were significantly associated with neurodevelopmental outcome. SGA children who showed substantial catch-up growth with weight above the 10th percentile at age 2 had neurodevelopmental outcomes comparable to AGA children whose weight remained appropriate for age, whereas SGA children who remained below the 10th percentile by age 2 were impaired in their motor development. Few studies have examined the role of postnatal catch-up growth on neurodevelopmental outcome. A population-based study in Sweden described differential outcome in SGA-born 18-year-old males depending on postnatal catch-up growth. 7 Affected outcome was intellectual and psychologic performance. In our study, poor catchup growth was associated with motor, but less so with mental delay. Because mental abilities can be assessed only in a limited manner at age 2, further follow-up is needed to clarify the role of poor postnatal growth for later intellectual functioning. Differences in outcome depending on postnatal catchup or catch-down growth could not be accounted for by variances in perinatal and neonatal conditions (including BPD) or demographic variables. The proportion of VLBW children who were SGA (40%), that was weight below the 10th percentile at birth, was clearly higher than by definition, namely 10%. This shift towards a higher rate of SGA children was a consequence of the inclusion criteria of the study, a birth weight <1250 g. This selection bias is a known phenomenon of studies on prematurely born infants when definition is given by birth weight rather than by gestational age. However, the large number of SGA children enabled us to stratify them according to postnatal growth and thus to study the influence of postnatal growth patterns on neurodevelopmental outcome.
A variety of conditions may result in SGA status in VLBW infants. In addition to placental insufficiency and IUGR because of prenatal infections, poor maternal weight gain, substance abuse, or multiple birth status, genetic and environmental factors may lead to infants being born SGA. 26 Our results did not change when we controlled for multiple birth status. All mothers had adequate prenatal care and socioeconomic status was not different between the four postnatal growth pattern groups.
The most striking result of this study was postnatal catch-down growth in a group of AGA VLBW children resulting in weight below the 10th percentile at age 2. Their mental and motor functioning was significantly poorer than for AGA children with weight above the 10th percentile at age 2, and even worse than for SGA children with insufficient catch-up growth. Thus, AGA children with catchdown growth had the highest risk for mental retardation, motor delay, and CP among all VLBW children. These findings were mostly independent of the diagnosis of CP.
Similar, but less significant, associations were obtained for postnatal catch-down growth of length and head circumference.
How can the association between postnatal growth and developmental outcome be explained? Postnatal weight gain and also stature growth mostly depend on postnatal caloric intake and nutritional quality that, in turn, may be different depending on composition of formula or whether the child received human milk. One recent study reported that VLBW infants fed fortified human milk had a slower growth rate during hospitalization, but an improved health, compared with infants who were fed preterm formula. 27 Absorption rates of zinc and copper were higher in the fortified human milk group. Zinc supplementation of regular term formula has been shown to improve linear growth velocity and motor development in VLBW infants at one year of age. 28 In a randomized study, Lucas et al demonstrated that VLBW infants fed term formula had a disadvantage in overall IQ as well as verbal IQ at age 8 years when compared with infants fed preterm formula. 29 O'Conner et al demonstrated that supplementing premature infant formulas with oils containing long-chain polyunsaturated fatty acids was beneficial for visual acuity and early development in VLBW infants. 30 Feeding difficulties may also impair postnatal growth. Poor growth has been described in children with CP. 31, 32 Postulated mechanisms are immature oral-motor organization as described in preterm infants 33 or impaired oral-motor and neuromotor functioning. The negative effect on later neurodevelopmental outcome may be mediated by insufficient nutritional intake. However, oral-motor dysfunction may also be an early sign of general neuromotor disturbances. Thus, early impairment of oral-motor function may be a confounder of the observed association between postnatal growth and neurodevelopmental outcome. The question whether abnormal neurologic status with poor feeding results in poor growth can only be answered if neurologic status would have been assessed at regular intervals before assessing outcome at age 2. The neurologic examination during the hospital stay of these often ill infants is not reliable enough to use it as a good predictor of outcome. We assessed neurologic status at corrected 9 months for children in cohorts 2 and 3. An abnormal neurologic examination at that time was not associated with poorer weight gain between 9 months and 2 years compared with a normal neurologic examination (data not shown). In addition, independent of moderate or severe CP, children with poor postnatal growth had a lower mean MDI and PDI. Children with catch-down growth also had a higher rate of motor delay, independent of CP. However, this was not true for children with insufficient catch-up growth. This indicates that postnatal growth is an independent factor for adverse outcome, but is probably also partly mediated by CP. We could demonstrate a significant association for poor postnatal growth with neurodevelopmental impairment but not a causal relationship. We think that for clinical practice the poor postnatal growth patterns may be very helpful because they may alert clinicians earlier to closely assess neurodevelopmental status and thus initiate early intervention programs.
Finally, and most importantly, impaired intrauterine growth and development may antecede insufficient postnatal growth. Thus, it may be a marker of impaired central nervous integrity because of adverse intrauterine conditions. Children who were AGA at birth, but became underweight at age 2 may have already been on a catch-down curve before birth. Their postnatal growth course could be the continuation of insufficient intrauterine growth. If pregnancy would have continued until term, those infants may have been born SGA. Insufficient postnatal growth likely reflects impaired intrauterine development. In the future, this hypothesis could be substantiated by repeated intrauterine ultrasonographic measurements demonstrating relative catch-down of growth variables that persist into postnatal life. Ogundipe et al found an association between prenatally detected growth restriction and poor postnatal head growth and motor development in low birth weight (<2500 g) SGA children. 34 We thank Käthi Etter, Vera Dietz, and Felicitas Steiner for their continuous effort to examine the study patients, and Susanne Ritter for her stimulating discussions. 
